Abstract: Hard X-ray photoemission spectroscopy (HAXPES) was employed for the structural evaluation of ultrananocrystalline diamond/amorphous carbon (UNCD/a-C) composite films deposited on cemented carbide substrates, at substrate temperatures up to 550 • C by coaxial arc plasma deposition. The results were compared with those of soft X-ray photoemission spectroscopy (SXPES). Since nanocrystalline diamond grains are easily destroyed by argon ion bombardment, the structural evaluation of UNCD/a-C films, without the argon ion bombardment, is preferable for precise evaluation. For samples that were preserved in a vacuum box after film preparation, the sp 3 fraction estimated from HAXPES is in good agreement with that of SXPES. The substrate temperature dependencies also exhibited good correspondence with that of hardness and Young's modulus of the films. On the other hand, the sp 3 fraction estimated from SXPES for samples that were not preserved in the vacuum box had an apparent deviation from those of HAXPES. Since it is possible for HAXPES to precisely estimate the sp 3 fraction without the ion bombardment treatment, HAXPES is a feasible method for UNCD/a-C films, comprising nanocrystalline diamond grains.
Introduction
Nanocrystalline diamond (NCD) films have shown promise as a hard coating material for enhancing the performance of cutting tools and prolonging tool lifetime. NCD films introduce the highest known hardness, a smooth surface, and a low friction coefficient, resulting in fine diamond grains, less than 100 nm in size [1] [2] [3] . Ultrananocrystalline diamond (UNCD) films, a kind of NCD film comprising grains less than 10 nm [4, 5] , are a promising candidate as a hard coating application on cutting tools [6] .
Materials and Methods

Film Preparation
UNCD/a-C films were deposited on WC-Co substrates (K-type cemented tungsten carbide) with dimensions of φ10 × 4.5 mm by CAPD, employing a coaxial arc plasma gun (APG-1000, ULVAC, kanagawa, Japan) equipped with a graphite rod (purity of 99.99%, φ10 × 30 mm). The pretreatment of the WC-Co substrates by chemical etching for removing Co near the surface, which has been indispensably applied for the hard coating of polycrystalline diamond on WC-Co by CVD, was not carried out in this study. Only the pretreatment of roughening the WC-Co surface was made in the range of R a = 0.15 µm to 0.2 µm, by dissolving the WC using chemical etching to enhance adhesion of the films. Before the deposition of the films, the inside of the vacuum chamber was evacuated to be Coatings 2018, 8, 359 3 of 8 less than 10 −4 Pa by a turbomolecular pump. A voltage of 100 V was applied to the coaxial arc plasma gun equipped with a 720 µF capacitor and the arc discharge of the arc plasma gun was operated at a repetition rate of 1 Hz. The films were deposited at different substrate temperatures ranging from room temperature to 550 • C. The details of film preparation conditions are presented in our previous papers [15, 16] .
Film Characterization
The samples were divided into two groups according to a difference in the storage procedure after deposition. The difference is schematically shown in Figure 1 . The samples of Group I were exposed naturally to surrounding air for a maximum of two weeks after finishing deposition by CAPD apparatus and until HAXPES and SXPES measurements were made. On the other hand, the samples of Group II were preserved in a portable vacuum box containing silica gel, where the inside pressure is less than 0.1 MPa, as soon as they were taken out of the CAPD apparatus, for a maximum of two weeks. Moreover, they were quickly set into an SXPES vacuum apparatus before measurements were taken.
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Each sample was tested ten times to calculate mean values of hardness and Young's modulus by nano-indentation test at an applied load of 0.5 mN (HM500, Fisher Instruments Company, Sindelfingen, Germany). Figure 2 shows the SXPES and HAXPES survey-spectra. The spectra do not show any peaks due to substrate elements, which means that the diffusion from substrates into films rarely occurs, even at the highest substrate temperature of 550 • C [15] . They show only significant intense C 1s peaks and weak O 1s peaks from collected photoelectrons of excited core levels of carbon and oxygen elements. The O 1s peak at 532 eV is mainly ascribed to the adsorbed oxygen on the surface of the film [28] . The HAXPES O 1s peaks are obviously weak comparing with those of the SXPES O 1s peaks. In addition, the HAXPES detects spectra mainly from bulk electronic structures at buried layers of the films [29] . This means that the O 1s peak is partially attributed to residual oxygen in the chamber, resulted from water vapor contamination during the films deposition. Figure 3 shows the C 1s spectra of Group I samples (a), (b), and (c), measured by SXPES and (d), (e), and (f), measured by HAXPES, and Group II samples (g), (h), and (i), measured by SXPES. Macroscopically, the maximum energy of the spectra shifts to a higher binding energy with decreasing substrate temperature, which is particularly evident for Group I spectra measured by HAXPES and Group II spectra measured by SXPES. The shifts might have occurred due to the enhancement of the sp 3 bonding fraction [30] , which is consistent with hardness increasing as substrate temperature decreases. Table 1 indicates the hardness and Young's modulus of films deposited at different substrate temperatures. The hardness and Young's modulus decrease with increasing substrate temperature, which implies that the atomic structures of films are affected by the increase in substrate temperature. To study the origin, SXPES and HAXPES were employed. Figure 2 shows the SXPES and HAXPES survey-spectra. The spectra do not show any peaks due to substrate elements, which means that the diffusion from substrates into films rarely occurs, even at the highest substrate temperature of 550 °C [15] . They show only significant intense C 1s peaks and weak O 1s peaks from collected photoelectrons of excited core levels of carbon and oxygen elements. The O 1s peak at 532 eV is mainly ascribed to the adsorbed oxygen on the surface of the film [28] . The HAXPES O 1s peaks are obviously weak comparing with those of the SXPES O 1s peaks. In addition, the HAXPES detects spectra mainly from bulk electronic structures at buried layers of the films [29] . This means that the O 1s peak is partially attributed to residual oxygen in the chamber, resulted from water vapor contamination during the films deposition. Figure 3 shows the C 1s spectra of Group I samples (a), (b), and (c), measured by SXPES and (d), (e), and (f), measured by HAXPES, and Group II samples (g), (h), and (i), measured by SXPES. Macroscopically, the maximum energy of the spectra shifts to a higher binding energy with decreasing substrate temperature, which is particularly evident for Group I spectra measured by HAXPES and Group II spectra measured by SXPES. The shifts might have occurred due to the enhancement of the sp 3 bonding fraction [30] , which is consistent with hardness increasing as substrate temperature decreases. To analyze spectra precisely, they were decomposed into the following four peaks: sp 2 -bonded carbon (C=C), sp 3 -bonded carbon (C-C), carbon-oxygen single bonds (C-O/C-O-C), and carbonoxygen double bonds (C=O/COOH) [31, 32] . The peak centers were aligned at the same difference of binding energy to precisely compare the samples measured by SXPES. The C-O/C-O-C peaks should be ascribed to the adsorption of oxygen on the film surface during and after films deposition [23, 33] . The C=O/COOH peak is observed in the spectra measured by SXPES for Group I samples. This should be observed because SXPES preferentially detects the top layers of film surface and is easily altered by surface contaminants. Group II samples showed weakened C=O/COOH peaks in their spectra, which means the adsorption of oxygen is suppressed, owing to their preservation in the portable vacuum box. The vacuum box contains powdered silica gel that absorbs humidity and keeps the inside of the vacuum box dry. This means that the contribution of contaminants found in the upper first layers of the films is limited, due to preserving the samples in the vacuum box. The HAXPES measurements show sharp spectra with very weak shoulder of the C-O/C-O-C peak, due to investigation at deep depth in the films. However, the argon ion bombardment is essential for cleaning the films surface prior to X-ray photoemission spectroscopic measurements, to reduce the contribution of film surface contaminants. The HAXPES method makes possible the structural examination of the UNCD/a-C films without applying any surface pretreatment, such as argon ion bombardment, which destroys nano-sized diamond crystallite in the films [23] .
Results and Discussions
The sp 3 peaks show a relative decrease as substrate temperature increases. The HAXPES technique produces sharp and intense sp 3 peaks with a noticeable difference compared to the sp 2 peaks, unlike those obtained by SXPES for Group I samples. The Group II samples preserved in the vacuum box produced relatively consistent peaks, compared to those revealed by HAXPES. Figure 4 shows the substrate temperature dependence of the hardness and sp 3 bonding fraction. The dependence profile of the sp 3 bonding fraction estimated from HAXPES and SXPES for Group II samples are in good agreement, not only with each other but also with the hardness dependence profile. This means that the estimation of the sp 3 fraction is precise, since the hardness proportionally increases with the sp 3 fraction [34, 35] . On the other hand, the substrate temperature dependence profile of the sp 3 fraction estimated from SXPES for Group I, obviously deviates from that of hardness. Estimation of the sp 3 bonding fraction is also affected by the existence of C-O/C-O-C and C=O/COOH peaks. The SXPES investigation for Group I emphasizes that the presence of undesirable contaminants on the films surface could lead to difficulties in obtaining surface functionalization. To analyze spectra precisely, they were decomposed into the following four peaks: sp 2 -bonded carbon (C=C), sp 3 -bonded carbon (C-C), carbon-oxygen single bonds (C-O/C-O-C), and carbon-oxygen double bonds (C=O/COOH) [31, 32] . The peak centers were aligned at the same difference of binding energy to precisely compare the samples measured by SXPES. The C-O/C-O-C peaks should be ascribed to the adsorption of oxygen on the film surface during and after films deposition [23, 33] . The C=O/COOH peak is observed in the spectra measured by SXPES for Group I samples. This should be observed because SXPES preferentially detects the top layers of film surface and is easily altered by surface contaminants. Group II samples showed weakened C=O/COOH peaks in their spectra, which means the adsorption of oxygen is suppressed, owing to their preservation in the portable vacuum box. The vacuum box contains powdered silica gel that absorbs humidity and keeps the inside of the vacuum box dry. This means that the contribution of contaminants found in the upper first layers of the films is limited, due to preserving the samples in the vacuum box. The HAXPES measurements show sharp spectra with very weak shoulder of the C-O/C-O-C peak, due to investigation at deep depth in the films. However, the argon ion bombardment is essential for cleaning the films surface prior to X-ray photoemission spectroscopic measurements, to reduce the contribution of film surface contaminants. The HAXPES method makes possible the structural examination of the UNCD/a-C films without applying any surface pretreatment, such as argon ion bombardment, which destroys nano-sized diamond crystallite in the films [23] .
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Conclusions
The atomic structures of UNCD/a-C composite films were investigated by HAXPES and SXPES. It was found that the sp 3 fraction estimated from HAXPES spectra corresponds well with the hardness and Young's modulus in their substrate temperature dependencies. On the other hand, the sp 3 fraction estimated from SXPES spectra of the samples that were exposed to air after film preparation deviated from that of HAXPES, while SXPES results of samples that were preserved in the vacuum box were in good agreement with those of HAXPES. This indicates that it is possible for HAXPES to precisely estimate the sp 3 fraction and similarly to SXPES when samples are preserved in a vacuum box. HAXPES is a promising technique for structural characterization of UNCD/a-C films because the condition of the film surface has a negligible effect on the spectra of films.
